The high capacity and voltage properties demonstrated by lithium-ion batteries render them as the preferred energy carrier in portable electronic devices. The application of the lithium-ion batteries which previously circulating and contained around small-scale electronics is now expanding into large scale emerging markets such as electromobility and stationary energy storage. Therefore, the understanding of the risk involved is imperative. Thermal runaway is the most common failure mode of lithium-ion battery which may lead to safety incidents. Transport process of immense amounts of heat released during thermal runaway of lithium-ion battery to neighboring batteries in a module can lead to cascade failure of the whole energy storage system. In this work, a model is developed to predict the propagation of lithium-ion battery in a module for large scale applications. For this purpose, kinetic of material thermal decomposition is combined with heat transfer modelling. The simulation is built based on chemical kinetics at component level of a singular cell and energy balance that accounts for conductive and convective heat transfer.
Introduction
The applications of lithium-ion batteries (LIB) have been proliferating from small handheld devices to large-capacity high-voltage applications. According to a projection by Bloomberg, the demand is expected to increase in the near future. With the gradual global phasing out of internal combustion engines, the highest demand will come from the automotive sector due to the electrification of passenger vehicles [1, 2] . A range of lithium-ion battery chemistries is available. Some of the technology has been successfully upscaled for electrified vehicles as compiled by Lu et al. in [3] . According to a report published by Bloomberg, lithium cobalt oxide chemistry is the most favorable chemistry at the moment, accounting to 39% of total batteries in the automotive sector [4] .
Lithium-ion batteries are constructed in a unique way where both fuel (anode) and oxidiser (cathode) are placed together in a sealed container [5] . The fire safety concern of LIB stems from its components where a combination of highly reactive electrodes and flammable organic electrolytes is present. The inclusion of ignition from any sources such as short-circuit or external heating would complete the fire triangle and consequently leads to fire incident. In addition, there is an immense amount of energy stored within the small device. Most of the disastrous incidents related to LIB are caused by thermal runaway, which has been reported to be the common failure mode. This situation raises the interest in understanding the underlying causes and exploring the prospective techniques to alleviate the problem [6] .
The initiation of thermal runaway considered is short-circuit induced by physical impact. For this purpose, thermal decomposition kinetics of battery fundamental components are combined with conductive and convective heat transfer modelling.
Numerical Modelling of Lithium-Ion Battery Thermal Runaway Propagation
In large-scale applications such as automotive sector, the capacity provided by one single cell is not sufficient to satisfy the high energy and power demand. Therefore, it is necessary to build battery packs with a big amount of single cells packed and connected together. A module is assembled by electrically connecting a number of individual cells by either series or parallel or combination of both. The specifications of the battery for this study are presented in Table 1 . Thermal properties of the cell canister and volumetric mass of the battery components as collected from literature are presented in Table 2 . [13] Thermal emissivity, ε 0.8 [30] The immense amount of heat released during thermal runaway originates from local thermal decomposition reactions of the battery fundamental components. In this work, there are four decomposition reactions considered for the purpose of thermal runaway simulation. There are two reactions at anode, which are the breakdown of solid electrolyte interphase (SEI), and anode-electrolyte reaction. Meanwhile, both cathode and electrolyte have one reaction. Each of the reaction possesses characteristic decomposition reaction model and parameters. The thermal decomposition kinetics of the battery components for thermal runaway modelling which are collected from literature are listed in Table 3 . Table 3 . Kinetic parameters of thermal decomposition reaction of lithium-ion battery fundamental components. The work is focused on lithium-ion battery with lithium cobalt oxide cathode and carbon anode.
Components Reaction Enthalpy (J/g) Activation Energy (J/mol) Frequency Factor (1/s) References
Solid 
Energy Balance of a Single Battery
In a lumped thermal model, the rate of temperature change in the battery can be expressed as in Equation (1).
where T (K) is the battery temperature, t (s) is the time, Q (W) is the net rate of heat generation, M (kg) is the mass and C p (J/kg.K) is the battery specific heat capacity. The rate of battery temperature change is directly proportional to the battery internal heat accumulation, which is a balance between self-generated and dissipated heat.
The net rate of heat generation is expressed in Equation (2), where Q gen is the rate of internal heat generation and Q dissipation is the rate of heat transferred from battery to the surrounding.
The Q dissipation term in Equation (2) is the rate of heat dissipation to the environment due to the convective and radiative heat transfer, as presented in Equation (3). The simulation work is focused on small cylindrical lithium-ion battery with 18 mm diameter and 65 mm height. To simplify the calculation process, it is assumed that the battery temperature is uniform throughout the whole structure and any temperature gradient is neglected. The small Biot number of 0.0179 as reported by Hatchard et al. in [30] warrants the use of lumped thermal model. Hence, there is no heat accumulation inside the battery components since it is assumed that the whole battery has a homogeneous temperature. Also, dissipation of heat from battery occurs by convection and radiation through battery surface. The rate of heat dissipation can be calculated using Equation (3).
The rate of convective heat transfer is given in Equation (4).
where h (W/m 2 .K) is the heat transfer coefficient, A (m 2 ) is the surface area for heat exchange, T (K) is the instantaneous battery temperature, t (s) is the time, and T amb (K) is the ambient temperature. The rate of radiative heat transfer is given in Equation (5).
where ε is the battery surface emissivity, σ (W/m 2 K 4 ) is the Stefan-Boltzmann constant, A (m 2 ) is the surface area for heat exchange, T (K) is the instantaneous battery temperature and T amb (K) is the ambient temperature. The rate of internal heat generation is expressed in Equation (6), which is a sum of rate of heat generation from chemical reactions, Q cr and short-circuit, Q sc . Q gen (t) = Q cr (t) + Q sc (t) (6) Q sc in Equation (6) is the rate of heat generation from short-circuit and can be expressed as in Equation (7) [36] .
where ∆t (s) is the duration of short-circuit, ∆H sc (J) is the amount of electrical energy discharged into heat during short-circuit, t (s) is the instantaneous time and τ (s) is the time at the point of short-circuit.
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The amount of heat generated from rapid discharge of electrical energy during short-circuit can be calculated using Equation (8) [36] .
∆H sc = CV (8) where C (Ah) is the battery capacity and V (V) is the battery voltage. Q cr in Equation (6) is the total rate of heat generation from chemical reactions instigated by thermal instability of the battery components as expressed in Equation (9) .
The rate of heat generation by each chemical reaction is proportionate to the rate of reactant consumption. In general, the rate of heat generation from the exothermic reactions can be expressed as in Equation (10).
where ∆H x (J/kg) is the reaction enthalpy, W x (kg) is the mass of the reactant and c x is the normalized reactant concentration.
Modelling of Thermal Decomposition Kinetics

Solid Electrolyte Interface (SEI) Breakdown
As described by Richard and Dahn [15] , the reaction is first-order and the rate constant of this reaction can be expressed as in Equation (11).
The rate of change in reacting species content during the reaction is presented in Equation (12) .
The rate of heat evolution from the reaction can be calculated using Equation (13) .
where R SEI (s −1 ) is the rate constant of SEI decomposition reaction, ∆H SEI (J/kg) is the reaction enthalpy, A SEI (s −1 ) and E SEI (J/mol) are frequency factor and activation energy respectively, R (J/K.mol) is the gas constant, T (K) is the battery temperature, m SEI is the reaction order, W anode (kg) is the mass of carbon in anode, and c SEI is the dimensionless amount of lithium-containing meta-stable species in the SEI.
Reaction between Anode and Solvent
The reaction between the solvent and the intercalated lithium within the anode will eventually form a secondary SEI layer. As described by Richard and Dahn [34] , the reaction is first-order and the rate constant of this reaction can be expressed as in Equation (14) .
The rate of depletion in reacting species content during the reaction is presented in Equation (15) .
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The rate of heat evolution from the reaction can be calculated using Equation (17) .
Q anode = ∆H anode W anode R anode (17) where R anode (s −1 ) is the rate constant of anode-solvent reaction, ∆H anode (J/kg) is the reaction enthalpy, A anode (s −1 ) and E anode (J/mol) are frequency factor and activation energy respectively, R (J/K.mol) is the gas constant, T (K) is the battery temperature, m anode is the reaction order, W anode (kg) is the mass of carbon in anode, z is the thickness of SEI layer, z 0 is the initial thickness of SEI layer and c anode is the dimensionless amount of lithium intercalated within the carbon negative electrode.
Electrolyte Decomposition
As described by Spotnitz and Franklin [37] , the reaction is first-order and the rate constant of this reaction can be expressed as in Equation (18).
The rate of reacting species consumption during the reaction is presented in Equation (19) .
The rate of heat evolution from the reaction can be calculated using Equation (20) .
where ∆H electrolyte (J/kg) is the reaction enthalpy, A electrolyte (s −1 ) and E electrolyte (J/mol) are frequency factor and activation energy respectively, R (J/K.mol) is the gas constant, T (K) is the battery temperature, m electrolyte is the reaction order, W electrolyte (kg) is the mass of electrolyte and c electrolyte is the dimensionless electrolyte concentration.
Cathode Breakdown
Cathode breakdown is an auto-catalytic reaction [35] . The rate constant for the decomposition of positive active material reaction can be expressed as in Equation (21).
The extent of the reaction is changing according to the following rate, as presented in Equation (22) .
The rate of heat evolution from the reaction can be calculated using Equation (23) .
where ∆H cathode (J/kg) is the reaction enthalpy, A cathode (s −1 ) and E cathode (J/mol) are frequency factor and activation energy respectively, R (J/K.mol) is the gas constant, T (K) is the battery temperature, m cathode is the reaction order, W cathode (kg) is mass of the cathode and α is the extent of cathode decomposition reaction.
Heat Transfer Modelling for Simulation of Thermal Runaway Propagation in a Battery Module
For a battery module with 3 × 3 matrix assembly consists of nine identical cylindrical batteries, the system is regarded as a cluster of thermal nodes connected with thermal resistance networks as shown in Figure 1 . For thermal node T5, the Q dissipation term in Equation (3) is further expanded as in Equation (24).
For thermal nodes T2, T4, T6 and T8, which are located directly adjacent to T5, the Q dissipation term in Equation (3) is further expanded as in Equation (25).
For T1, T3, T7 and T9 thermal nodes that are perpendicular to T5, the Q dissipation is expressed as in Equation (26).
Each Q dissipation,i term in Equations (24)-(26) can be calculated using Equation (27) .
where A i is the surface area for heat exchange, R total,i is the total thermal resistance in any direction i and T n is temperature of thermal node n. The thermal resistance network within the battery module and single cylindrical battery is illustrated in Figure 2 . The description and value of each thermal resistance involved in the simulation is listed in Table 4 . For thermal node T5, the Q dissipation term in Equation (3) is further expanded as in Equation (24).
where A i is the surface area for heat exchange, R total,i is the total thermal resistance in any direction i and T n is temperature of thermal node n. The thermal resistance network within the battery module and single cylindrical battery is illustrated in Figure 2 . The description and value of each thermal resistance involved in the simulation is listed in Table 4 .
where A i is the surface area for heat exchange, R total,i is the total thermal resistance in any direction i and T n is temperature of thermal node n.
The thermal resistance network within the battery module and single cylindrical battery is illustrated in Figure 2 . The description and value of each thermal resistance involved in the simulation is listed in Table 4 . 
Results and Discussion
Thermal Runaway of a Single Battery Initiated by Impact-Induced Short Circuit Propagation in a Battery Module
In a literature survey by Spotnitz and Franklin [37] , it has been determined that nail, short-circuit and crush are among the common methods used to assess abuse tolerance of lithium-ion cells. In general, these three techniques share the same feature. The battery releases a large amount of heat instantaneously upon failure, which is essentially due to short-circuit. The model developed in this work, being one-dimensional, is a rough approximation of a nail and crush test. The distribution of the heat released from the nail penetration is treated to be instantaneous and uniform in the plane perpendicular to the direction of nail penetration. In a real situation, a local hotspot will form because the heat dissipation from the nail puncture spot is not rapid. Three-dimensional modelling is necessary for better consideration of thermal gradient within the battery geometry. In a work done by Lamb and Orendorff [38] , the short-circuit induced by mechanical impact instigated the peak temperature of the cylindrical LIB with LiCoO 2 cathode to reach between 99 to 662 • C. The battery energetic response to the mechanical impact depends on the force and orientation of the impact, and the type of indentation used in the evaluation. Short-circuit, despite being a different mode of failure, shares some general feature with thermal abuse behavior. The simulated temperature profile for short-circuit is shown in Figure 3a . In both thermal abuse and short-circuit, two apparent stages are observed. The surge and plunge patterns of the battery temporal behavior due to short-circuit are comparable to thermal abuse. However, the temperature increment is not sharp and the temperature drop is gradual, as compared to the thermal abuse profile. To have a better illustration and understanding on the contribution of the chemical reactions involved and short-circuit to thermal runaway, the rate of heat generation of the respective sources is depicted in Figure 4 . The heat generated in short-circuit case is contributed by a combination of both electrical and chemical energy. At the low temperature region, the amount of heat generated by chemical reactions is not significant where the initial heat generation is dominated by short-circuit. As the battery temperature increases, the exothermic reactions in the battery components proceed at a higher rate, which in turn enhance the amount of heat generated and render the dominant heat source in the intermediate temperature region.
The amount of reacting species depletes at high temperature that leads to reactions completion. The situation reduces the amount of heat generated by chemical reactions and makes short-circuit as the prevailing heat source at the high temperature region. The initial heat generation by chemical reactions is dominated by SEI breakdown. As most reactants are depleted as the battery temperature increases, the highest heat release rate at the intermediate and high temperature regions is contributed by the reaction at anode. The heat generated in short-circuit case is contributed by a combination of both electrical and chemical energy. At the low temperature region, the amount of heat generated by chemical reactions is not significant where the initial heat generation is dominated by short-circuit. As the battery temperature increases, the exothermic reactions in the battery components proceed at a higher rate, which in turn enhance the amount of heat generated and render the dominant heat source in the intermediate temperature region. Figure 3b presents the rate of temperature increase as the battery temperature changes to decipher the heat exchange process that contributes to the battery temperature development. In comparison to thermal abuse cases, thermal runaway occurs straight away after the impact due to short-circuit. The initial temperature increment is brought by the instantaneous discharge of stored chemical energy and chemical reactions, which leads to thermal runaway. The chemical energy deposit that supposed to be converted into electrical energy during normal operation is descended as thermal energy instead via the Joule heating process.
The point of inflection between the declining curve and projectile of temperature increase rate marks the point when chemical energy becomes the dominant heat source during thermal runaway. The rate of temperature increase intensifies at higher temperature and plateaus at the intermediate temperature region. This is subsequently followed by decreasing rate temperature rise until the maximum temperature is reached.
To have a better illustration and understanding on the contribution of the chemical reactions involved and short-circuit to thermal runaway, the rate of heat generation of the respective sources is depicted in Figure 4 . The heat generated in short-circuit case is contributed by a combination of both electrical and chemical energy. At the low temperature region, the amount of heat generated by chemical reactions is not significant where the initial heat generation is dominated by short-circuit. As the battery temperature increases, the exothermic reactions in the battery components proceed at a higher rate, which in turn enhance the amount of heat generated and render the dominant heat source in the intermediate temperature region. The amount of reacting species depletes at high temperature that leads to reactions completion. The situation reduces the amount of heat generated by chemical reactions and makes short-circuit as the prevailing heat source at the high temperature region. The initial heat generation by chemical reactions is dominated by SEI breakdown. As most reactants are depleted as the battery temperature increases, the highest heat release rate at the intermediate and high temperature regions is contributed by the reaction at anode. The progress of the individual reactions is presented in Figure  5 . The intense amount of heat generated by short-circuit induces SEI, cathode and electrolyte reactions to completion within a short time. A sharp progress in the reactions is observed as the battery reaches peak temperature, which leads to completion of electrolyte and cathode reactions. SEI decomposition completes earlier since this reaction is the bottleneck to thermal runaway. After the highest temperature is reached, secondary SEI thickness and lithium content in anode remained plateau, indicating a halt in the reaction progress. Figure 6 presents the total rate of heat release during short-circuit. A spike is observed as the battery temperature is sufficiently high to induce the heat-activated chemical reactions in the battery components. The rate reduces dramatically after complete depletion of most reacting species. Table  5 summaries the amount of heat released by chemical reactions and the rapid discharge of electrical energy into heat during short-circuit. The amount of reacting species depletes at high temperature that leads to reactions completion. The situation reduces the amount of heat generated by chemical reactions and makes short-circuit as the prevailing heat source at the high temperature region. The initial heat generation by chemical reactions is dominated by SEI breakdown. As most reactants are depleted as the battery temperature increases, the highest heat release rate at the intermediate and high temperature regions is contributed by the reaction at anode. The heat generated in short-circuit case is contributed by a combination of both electrical and chemical energy. At the low temperature region, the amount of heat generated by chemical reactions is not significant where the initial heat generation is dominated by short-circuit. As the battery temperature increases, the exothermic reactions in the battery components proceed at a higher rate, which in turn enhance the amount of heat generated and render the dominant heat source in the intermediate temperature region.
The amount of reacting species depletes at high temperature that leads to reactions completion. The situation reduces the amount of heat generated by chemical reactions and makes short-circuit as the prevailing heat source at the high temperature region. The initial heat generation by chemical reactions is dominated by SEI breakdown. As most reactants are depleted as the battery temperature increases, the highest heat release rate at the intermediate and high temperature regions is contributed by the reaction at anode. The progress of the individual reactions is presented in Figure 5 . The intense amount of heat generated by short-circuit induces SEI, cathode and electrolyte reactions to completion within a short time. A sharp progress in the reactions is observed as the battery reaches peak temperature, which leads to completion of electrolyte and cathode reactions. SEI decomposition completes earlier since this reaction is the bottleneck to thermal runaway. After the highest temperature is reached, secondary SEI thickness and lithium content in anode remained plateau, indicating a halt in the reaction progress. Processes 2019, 7, 703 11 of 22 Figure 6 presents the total rate of heat release during short-circuit. A spike is observed as the battery temperature is sufficiently high to induce the heat-activated chemical reactions in the battery components. The rate reduces dramatically after complete depletion of most reacting species. Table 5 summaries the amount of heat released by chemical reactions and the rapid discharge of electrical energy into heat during short-circuit. 
Thermal Runaway Propagation in a Battery Module
The thermal kinetic model of a single lithium-ion battery with lithium cobalt oxide chemistry was further expanded to include heat transfer modelling in order to investigate the propagation of thermal runaway in a battery module with 3 × 3 matrix configuration consisted of 9 identical cylindrical cells. Two thermal runaway propagation situations were developed at different positions of initial failure and the severity of the associated thermal hazard was compared. The cases were developed based on the assumption that the thermal runaway propagated from the initiated cell to the other surrounding cells by conductive and convective heat transfer. In the first case, thermal runaway was assumed to be initiated by impact-induced short-circuit in Cell 5. The position of the failure initiation is marked in red, as illustrated in Figure 7 . The temperature development of the cells in the battery module is shown in Figure 8 . Due to the 
The thermal kinetic model of a single lithium-ion battery with lithium cobalt oxide chemistry was further expanded to include heat transfer modelling in order to investigate the propagation of thermal runaway in a battery module with 3 × 3 matrix configuration consisted of 9 identical cylindrical cells. Two thermal runaway propagation situations were developed at different positions of initial failure and the severity of the associated thermal hazard was compared. The cases were developed based on the assumption that the thermal runaway propagated from the initiated cell to the other surrounding cells by conductive and convective heat transfer. In the first case, thermal runaway was assumed to be initiated by impact-induced short-circuit in Cell 5. The position of the failure initiation is marked in red, as illustrated in Figure 7 . 
The thermal kinetic model of a single lithium-ion battery with lithium cobalt oxide chemistry was further expanded to include heat transfer modelling in order to investigate the propagation of thermal runaway in a battery module with 3 × 3 matrix configuration consisted of 9 identical cylindrical cells. Two thermal runaway propagation situations were developed at different positions of initial failure and the severity of the associated thermal hazard was compared. The cases were developed based on the assumption that the thermal runaway propagated from the initiated cell to the other surrounding cells by conductive and convective heat transfer. In the first case, thermal runaway was assumed to be initiated by impact-induced short-circuit in Cell 5. The position of the failure initiation is marked in red, as illustrated in Figure 7 . The temperature development of the cells in the battery module is shown in Figure 8 . Due to the symmetric nature of the 3 × 3 matrix configuration, all cells located at diagonals of the initiated cell, The temperature development of the cells in the battery module is shown in Figure 8 . Due to the symmetric nature of the 3 × 3 matrix configuration, all cells located at diagonals of the initiated cell, which are Cell 1, 3, 7 and 9, recorded the same temperature profile. In addition, identical temperature profiles can be observed for all cells directly adjacent to the initiated cell, which are Cell 2, 4, 6 and 8. The rapid heat release in the battery caused by short-circuit inflicts the temperature of Cell 5 to soar up to 500 °C. In general, all neighboring cells recorded a temperature rise up to 100 °C. The close proximity and better surface contact of the directly adjacent cells (Cell 2, 4, 6 and 8) to the initiated cell caused the temperature to increase at a faster rate and reach a slightly higher peak compared to the cells located at the diagonals (Cell 1, 3, 7 and 9) of the battery module. All cells demonstrated an identical cooling profile after approximately 5 min of the failure initiation in Cell 5. The rise of temperature in the surrounding cells could be instigated by the heat transfer process from Cell 5, which might in turn induced the heat-activated exothermic reactions in the neighboring batteries.
In order to inspect whether the heat transfer process from the defective cell managed to activate the exothermic reactions in the neighboring cells, the progress of the reactions in all cells is shown in Figures 9 and 10 . Due to the slow progress of reactions in other cells compared to Cell 5, which might be difficult to notice, the information is presented in two separate figures. The pattern of reaction progress in Cell 5 is almost identical as observed previously in thermal runaway of a single battery due to the same method of failure initiation. The reactions in cathode, electrolyte and SEI are driven to completion in a short time span by the big amount of heat generated from short-circuit. The insufficient amount of heat after the peak temperature causes the reaction in anode and the subsequent secondary SEI layer film formation to cease. In general, for all other cells in the battery module, the chemical reactions recorded a sluggish progress. A faster reaction progress can be observed for cells directly adjacent to the Cell 5. No reaction occurred at electrolyte since the reaction is a high temperature reaction. The progress of reactions in all neighboring cells appears to be insignificant, implying the absence of thermal runaway and the temperature rise in the neighboring cells is utterly caused by heat transfer from Cell 5. Figure 11 presents the total rate of heat release in the battery module, indicating a peak of 167.1 kW. The heat generated in the module is sourced from a combination of both short-circuit and chemical reactions. A spike is observed as the battery temperature is sufficiently high to induce the heat-activated chemical reactions in the battery components. The rate reduces subsequently after complete depletion of most reacting species. The total amount of heat liberated in this case is 24.5 kJ. The rapid heat release in the battery caused by short-circuit inflicts the temperature of Cell 5 to soar up to 500 • C. In general, all neighboring cells recorded a temperature rise up to 100 • C. The close proximity and better surface contact of the directly adjacent cells (Cell 2, 4, 6 and 8) to the initiated cell caused the temperature to increase at a faster rate and reach a slightly higher peak compared to the cells located at the diagonals (Cell 1, 3, 7 and 9) of the battery module. All cells demonstrated an identical cooling profile after approximately 5 min of the failure initiation in Cell 5. The rise of temperature in the surrounding cells could be instigated by the heat transfer process from Cell 5, which might in turn induced the heat-activated exothermic reactions in the neighboring batteries.
In order to inspect whether the heat transfer process from the defective cell managed to activate the exothermic reactions in the neighboring cells, the progress of the reactions in all cells is shown in Figures 9 and 10 . Due to the slow progress of reactions in other cells compared to Cell 5, which might be difficult to notice, the information is presented in two separate figures. The pattern of reaction progress in Cell 5 is almost identical as observed previously in thermal runaway of a single battery due to the same method of failure initiation. The reactions in cathode, electrolyte and SEI are driven to completion in a short time span by the big amount of heat generated from short-circuit. The insufficient amount of heat after the peak temperature causes the reaction in anode and the subsequent secondary SEI layer film formation to cease. In general, for all other cells in the battery module, the chemical reactions recorded a sluggish progress. A faster reaction progress can be observed for cells directly adjacent to the Cell 5. No reaction occurred at electrolyte since the reaction is a high temperature reaction. The progress of reactions in all neighboring cells appears to be insignificant, implying the absence of thermal runaway and the temperature rise in the neighboring cells is utterly caused by heat transfer from Cell 5. Figure 11 presents the total rate of heat release in the battery module, indicating a peak of 167.1 kW. The heat generated in the module is sourced from a combination of both short-circuit and chemical reactions. A spike is observed as the battery temperature is sufficiently high to induce the heat-activated chemical reactions in the battery components. The rate reduces subsequently after complete depletion of most reacting species. The total amount of heat liberated in this case is 24.5 kJ.
In the second case, thermal runaway was assumed to be initiated by impact-induced short-circuit in Cell 1. The position of the failure initiation is marked in red, as illustrated in Figure 12 .
The temperature development of the cells in the battery module is shown in Figure 13 . Due to the symmetric nature of the 3 × 3 matrix configuration, the following cells would have an identical temperature profile: In the second case, thermal runaway was assumed to be initiated by impact-induced shortcircuit in Cell 1. The position of the failure initiation is marked in red, as illustrated in Figure 12 . The temperature development of the cells in the battery module is shown in Figure 13 . Due to the symmetric nature of the 3 × 3 matrix configuration, the following cells would have an identical temperature profile: The rapid release of heat originating from conversion of electrical energy into thermal energy during short-circuit caused the temperature of Cell 1 to soar up to higher than 500 °C. In general, all In the second case, thermal runaway was assumed to be initiated by impact-induced shortcircuit in Cell 1. The position of the failure initiation is marked in red, as illustrated in Figure 12 . The rapid release of heat originating from conversion of electrical energy into thermal energy during short-circuit caused the temperature of Cell 1 to soar up to higher than 500 °C. In general, all In the second case, thermal runaway was assumed to be initiated by impact-induced shortcircuit in Cell 1. The position of the failure initiation is marked in red, as illustrated in Figure 12 . The temperature development of the cells in the battery module is shown in Figure 13 . Due to the symmetric nature of the 3 × 3 matrix configuration, the following cells would have an identical temperature profile: The rapid release of heat originating from conversion of electrical energy into thermal energy during short-circuit caused the temperature of Cell 1 to soar up to higher than 500 °C. In general, all The rapid release of heat originating from conversion of electrical energy into thermal energy during short-circuit caused the temperature of Cell 1 to soar up to higher than 500 • C. In general, all neighboring cells recorded a temperature rise up to 100 • C. Compared to all other neighboring cells in the module, Cell 2 and Cell 4 recorded a higher and faster temperature development due to their relative position being directly adjacent to the defective cell. The temperature of all cells converged after approximately 13 min and exhibited a similar cooling profile. The rise of temperature in the surrounding cells could be instigated by the heat transfer process from Cell 1, which might in turn induced the heat-activated exothermic reactions in the neighboring batteries. The progress of the reactions in all cells is shown in Figures 14 and 15 . The pattern of reaction progress in Cell 1 is almost identical as observed in Cell 5 previously and for single battery thermal runaway profile due to the same method of failure initiation. The reactions in cathode, electrolyte and SEI are driven to completion in a short time span by the big amount of heat generated from short-circuit. Heat deficiency after the peak temperature retards the reaction in anode and the subsequent secondary SEI layer film formation. In general, for all other cells in the battery module, the chemical reactions recorded a sluggish progress. A faster reaction progress can be observed for cells directly adjacent to the Cell 1. No reaction occurred at electrolyte since the reaction is a high temperature reaction. The heat transferred from the defective cell to the surrounding cells was not sufficient to induce thermal runaway propagation in the entire module. Figure 16 presents the total rate of heat release in the battery module, with a peak of 211.9 kW. Heat amounting to 25.8 kJ is released in the process. 
Conclusions
A numerical model has been developed to predict thermal runaway propagation in a battery module consists of nine identical cylindrical lithium-ion batteries. The task involves establishing thermal runaway model for a single battery from thermal decomposition of reactive components in a single battery, and further expanded to include heat transfer modelling. The modelling of thermal decomposition kinetics of battery components enables comprehensive understanding of relative contribution of the battery components towards thermal runaway. Impact-induced short-circuit inflicts an immediate failure which in turn results in surge of the battery temperature. A high peak heat release rate is observed during short-circuit due to the combination of electrical and chemical energy that contributes to total thermal hazard. For a battery module consists of 9 cylindrical 18,650 cells, thermal runaway does not propagate. The small contact surface for the cylindrical geometry deters the heat transfer from the defective cell to the neighboring cells. The model developed in this work provides a baseline for further study of thermal runaway propagation in a battery module with multiple initial defects. . In both cases, thermal runaway propagation was not observed. Limited contact surface area retards the heat transfer process and deters the propagation of thermal runaway to the neighboring cells. The small size of the cylindrical cells entails high surface area-to-volume ratio that promotes heat dissipation to the surrounding and prevents heat accumulation within the battery. A battery module consists of 9 cylindrical cells with 3 × 3 matrix configuration is a conductive thermal network. As a result, the initiation of failure in the center of the module (Cell 5) results in less severe thermal runaway. The heat is conducted away from the defective cell through the thermal network and is being distributed evenly within the module. This situation in turn reduces the maximum rate of heat release and the subsequent peak temperature with delayed thermal runaway time. In case where the failure was initiated in the edge (Cell 1), the defective cell recorded a higher and earlier peak rate of heat release and the ensuing temperature. Heat transfer by convection from the defective cell to the surrounding is not vigorous compared to conduction, which consequently slows down the heat dissipation process.
A numerical model has been developed to predict thermal runaway propagation in a battery module consists of nine identical cylindrical lithium-ion batteries. The task involves establishing thermal runaway model for a single battery from thermal decomposition of reactive components in a single battery, and further expanded to include heat transfer modelling. The modelling of thermal decomposition kinetics of battery components enables comprehensive understanding of relative contribution of the battery components towards thermal runaway. Impact-induced short-circuit inflicts an immediate failure which in turn results in surge of the battery temperature. A high peak heat release rate is observed during short-circuit due to the combination of electrical and chemical energy that contributes to total thermal hazard. For a battery module consists of 9 cylindrical 18,650 cells, thermal runaway does not propagate. The small contact surface for the cylindrical geometry deters the heat transfer from the defective cell to the neighboring cells. The model developed in this work provides a baseline for further study of thermal runaway propagation in a battery module with multiple initial defects.
